1.. Introduction
================

The primary cilium is an immotile microtubule-based structure that protrudes from the surface of almost all mammalian cells ([@b1-ol-0-0-9942]). The primary cilium is comprised of a 9+0 microtubule arrangement (9 outer microtubules with no inner microtubules), differing from the 9+2 arrangement of motile cilia, thus lacking a central pair of microtubules ([Fig. 1](#f1-ol-0-0-9942){ref-type="fig"}) ([@b1-ol-0-0-9942]). The axoneme is anchored to the cell by the basal body, which is nucleated by the mother centriole. The mother centriole is crucial for the formation of the centrosome, which acts as the major microtubule-organizing center (MTOC) in mammalian cells ([@b2-ol-0-0-9942]). In general the presence of cilia are dynamically regulated during the progression of the cell cycle ([Fig. 2](#f2-ol-0-0-9942){ref-type="fig"}), they are present during G~0~ and G~1~, and usually in S/G~2~, but are generally resorbed prior to entry into mitosis ([@b3-ol-0-0-9942]). Therefore, there is an inverse association between the presence of the primary cilium and cell proliferation, if the cell is dividing the cilium is resorbed into the cell and the centrosome can act as the mitotic pole ([@b4-ol-0-0-9942]). Resorption is the process by which the cilium retracts into the cell, this usually precedes mitosis and the re-entry of cells into the cell cycle ([@b5-ol-0-0-9942]). Resorption is thought to involve the regulation of intraflagellar transport (IFT), the process that controls the growth and maintenance of the cilium and the de-acetylation of axonemal microtubules ([@b5-ol-0-0-9942]). The cilium is formed and maintained by the transport of proteins up the axoneme, via the IFT process ([@b6-ol-0-0-9942]). Trafficking to the cilium is a highly coordinated process. IFT trafficking from the base of the cilium right to its tip is heavily dependent on kinesin superfamily proteins (KIFs) ([@b7-ol-0-0-9942]). KIF3 is one of the most highly expressed KIFs in mammalian cells, which is crucial for ciliogenesis and cilia maintenance ([@b7-ol-0-0-9942]). It associates with two IFT complexes, IFT-A and IFT-B. IFT-B has been determined to be essential for anterograde trafficking; therefore, it associates with KIF3 to transport vesicles from the cell body to the tip of the cilium ([@b7-ol-0-0-9942]). Whilst IFT-A was determined to be crucial for retrograde trafficking, which involves channeling vesicles from the tip of the cilium towards the cell body ([@b7-ol-0-0-9942]).

It has now become apparent that the primary cilium has a diverse range of functions. The cilium has been demonstrated to be a crucial signal transduction hub, involving signaling pathways with relevance to development and diseases, including polycystic kidney disease and cancer ([@b8-ol-0-0-9942]). The primary cilium has a number of signaling receptors localized to it, including receptors for sonic hedgehog (Shh), Notch canonical and non-canonical Wnt signaling ([@b9-ol-0-0-9942]--[@b11-ol-0-0-9942]). Several components of the Wnt signaling pathway have been determined to localize to the cilium, including Frizzled3, Dishevelled2 (Dsh), β-catenin and glycogen synthase kinase-3β ([@b11-ol-0-0-9942]). Notably, mouse embryos with knockouts of a number of ciliary proteins, including KIF3a (controls ciliary formation), exhibit abnormal β-catenin and dysfunctional canonical Wnt responses ([@b12-ol-0-0-9942]). Hedgehog signaling is crucial for embryo development and cell proliferation. Another study has also shown that IFT88 and KIF3a, both cilia-associated genes are required for hedgehog signaling ([@b13-ol-0-0-9942]). Other hedgehog components, including Patched (Ptch)1, smoothened (Smo), glioma-associated oncogene family zinc finger (Gli) and suppressor of fused have all been confirmed to be enriched in cilia ([@b13-ol-0-0-9942]--[@b15-ol-0-0-9942]). Notch receptors have been indicated to co-localize to the primary cilium ([@b16-ol-0-0-9942]). Notch signaling serves a role in cell fate and cell-cell communication. Differentiation defects in ciliary mutants were rescued by Notch activation, indicating the important role Notch signaling serves in cilia ([@b16-ol-0-0-9942]).

Planar cell polarity (PCP) is the polarization of a field of cells. Epithelial cells possess PCP where structures, including tight junctions, desmosomes and adherens junctions, allow the formation of the epithelial layer ([@b17-ol-0-0-9942]). Studies have demonstrated a connection between the cilium and PCP ([@b18-ol-0-0-9942],[@b19-ol-0-0-9942]). Patel *et al* investigated acute kidney-induced cyst formation in KIF3a-mutant mice, which induced cilia loss while also causing aberrant PCP and abnormalities in cell division ([@b18-ol-0-0-9942]).

2.. Ciliopathies
================

The important role of the primary cilium is becoming more apparent with the emergence of a growing list of diseases collectively called ciliopathies. These diseases all have abnormal ciliary functions. Autosomal dominant polycystic kidney disease (ADPKD) was the first ciliopathy to be identified. ADPKD is an inherited condition, which causes the over-proliferation of epithelial cells, leading to cyst formation ([@b19-ol-0-0-9942]). These cysts cause damage throughout the kidney and eventually progress to end-stage renal disease ([@b20-ol-0-0-9942]). ADPKD is caused by a mutation in polycystin-1 (PC-1) or polycystin-2 (PC-2), these are both required for the normal development of renal tubules and are localized in the cilium ([@b21-ol-0-0-9942]). Nephronophthisis (NPHP) is a condition characterized by corticomedullary cysts, tubular basement membrane disruption and tubulointerstitial nephropathy, and is the leading cause of chronic kidney disease in people aged \<30 years ([@b22-ol-0-0-9942]). Although a single mutation is sufficient to cause NPHP, it has been determined that \>1 gene can cause NPHP ([@b22-ol-0-0-9942]). Collectively these genes are called nephrocystins, and have been determined to localize in the primary cilium, the basal body and the centrosome. Bardet-Biedl Syndrome (BBS) is another well-known ciliopathy that involves mutations in BBS proteins, which are known to be heavily involved in IFT. This condition can cause rod-cone dystrophy, polydactyly, hypogonadism and renal anomalies ([@b23-ol-0-0-9942]). Other ciliopathies include Meckel-Gruber syndrome and Joubert syndrome ([@b24-ol-0-0-9942]), both of these ciliopathies can cause craniofacial defects, the majority of common features of these facial abnormalities include defects in the lip and variations in the width of the mid-facial area ([@b25-ol-0-0-9942]).

3.. Primary cilia in the cell cycle
===================================

The way in which the primary cilium must retract into a cell before the cell can enter mitosis is the most notable piece of evidence that primary cilia have an important role in preventing uncontrolled cell growth and the maintenance of an epithelial phenotype ([@b26-ol-0-0-9942]). The basal body acts as an anchor for the cilium to the cell body. This important ciliary component is formed from the mother centriole when it is released from the cilium and becomes a structure called the MTOC ([@b2-ol-0-0-9942]). It is hypothesized that ciliary resorption during the cell cycle could serve a key role in allowing the access of essential growth factors for cilia receptors, which are localized to the signaling hub that is the primary cilium. The resorption of the primary cilium during the cell cycle allows for the centrosome to detach from the basal body and to become the centrosome and the mitotic spindle, where they can then continue to carry out their role in the cell cycle ([@b4-ol-0-0-9942]). Further evidence is also emerging demonstrating the involvement of the primary cilia in cell cycle regulation. IFT88 serves a crucial role in primary cilia assembly and has also been demonstrated to serve a key role in the regulation of the G~1~-S transition in non-ciliated cells ([@b27-ol-0-0-9942],[@b28-ol-0-0-9942]). The centrosomal protein, nuclear distribution gene E homologue 1 (Nde1), has been indicated to have a negative regulatory role on cilia length ([@b29-ol-0-0-9942]). Nde1 is expressed in low levels during G~0~ and high levels during mitosis, and works by nucleating the primary cilium ([@b30-ol-0-0-9942]). Kim *et al* demonstrated that the knockdown of Nde1 in zebrafish caused an increased ciliary length with the suppression of cell division ([@b31-ol-0-0-9942]). With further evidence emerging demonstrating the association between cell cycle regulation and the primary cilium, there is an increased focus on the role of primary cilia in cancer.

4.. The loss of primary cilia expression in cancer
==================================================

Studies have previously shown a loss of cilia in a number of cancer types, including pancreatic and renal cancers ([@b32-ol-0-0-9942],[@b33-ol-0-0-9942]). Several ciliary-associated genes have been determined to be heavily dysregulated in cancer, including in clear renal cell carcinomas where there is a mutation in the von Hippel Lindau (VHL) tumor suppressor gene ([@b33-ol-0-0-9942]). The VHL gene is heavily involved in ciliogenesis, and the inheritance of this allele carries a high risk of developing clear cell renal carcinoma. Primary cilia have been indicated to be lost in patients with VHL disease ([@b34-ol-0-0-9942]). Notably the re-expression of VHL protein in clear cell renal carcinoma caused a restoration of cilia expression ([@b35-ol-0-0-9942]). Primary cilia have also been demonstrated to be frequently lost in human primary melanoma cells, compared with in primary melanocytes ([@b36-ol-0-0-9942]). Chefetz *et al* revealed that in ovarian cancer cells, the inhibition of aurora A kinase (AURA), a gene well known to be involved in cilia assembly, induced cell cycle arrest, providing another association between ciliogenesis and cell cycle regulation ([@b37-ol-0-0-9942]). Ciliogenesis has been indicated to be significantly suppressed in pancreatic cancer cells and pancreatic intraepithelial neoplasia (PanIN) lesions from human pancreatic ductal adenocarcinoma (PDAC). Cilia were determined to be lost in the PanIN cells of three different mouse models of PDAC ([@b32-ol-0-0-9942]).

Egeberg *et al* indicated that a loss of primary cilia in ovarian cancer cells correlated with disrupted hedgehog and platelet derived growth factor receptor α (PDGFRα) signaling ([@b38-ol-0-0-9942]). The study indicated that the overexpression and the centrosomal localization of AURA on the ovarian surface epithelium dysregulates hedgehog signaling, disrupts the normal epithelial function of these ovarian cells leading to the eventual onset of tumor formation. The overexpression and the localization of AURA to the centrosome in ovarian surface epithelial cells indicated that AURA was involved in increasing the rate of ciliary disassembly, whilst also inhibiting the process of cilia formation ([@b38-ol-0-0-9942]). Emoto *et al* investigated the potential correlation between the presence/absence of primary cilia and the prognosis of PDAC. Primary cilia were determined to be present in 25% of cancer cells from patients with PDAC ([@b39-ol-0-0-9942]). The study demonstrated that the patients who were primary cilia-positive had a higher rate of lymph node metastasis and, thus, a poorer prognosis. Although these data are contrary to emerging evidence wherein primary cilia were demonstrably absent in numerous cancer cell lines, they raise the possibility of primary cilia being used as a hallmark of aggressive PDAC ([@b39-ol-0-0-9942]). As cellular proliferation is known to affect the presence of cilia, it is important to note that renal and pancreatic cancer cells do not contain primary cilia, independent of any decreases or increases in Ki67 staining (a marker of cell proliferation). This would support the idea that the loss of cilia in these cancer types is not associated with the rate of cell proliferation ([@b32-ol-0-0-9942],[@b40-ol-0-0-9942]), supporting the association between the primary cilium and carcinogenesis.

5.. Primary cilia and ERK/MAPK signaling in cancer
==================================================

Mitogen-activated protein kinases (MAPKs), also known as extracellular signal-regulated kinases (ERKs), are a family of signaling proteins that are involved in cell differentiation, proliferation and development. Due to their important role in maintaining cellular homeostasis, their disregulation has been indicated in a number of cancer types ([@b41-ol-0-0-9942]). Within the ERK/MAPK signaling family, the components can be further categorized into four families: The MAPK classical pathway, the c-Jun N-terminal kinase (JNK), the big mitogen-activated protein kinase-1, and the p38 family ([@b42-ol-0-0-9942]). Briefly, the pathway involves Ras activating Raf kinase, which causes the phosphorylation of MAPK kinase (MEK)1/2, and leads to the phosphorylation and activation of ERK1/2 ([@b41-ol-0-0-9942]). It is the upregulation of ERK1/2 that contributes to cancer development, and usually occurs due to the overexpression of receptor tyrosine kinases ([@b42-ol-0-0-9942]). ERKs also exert a tumor suppressing ability by promoting selective protein degradation ([@b43-ol-0-0-9942]). Another important component of the MAPK family is p38. Similar to JNKs, p38 is also activated by stress-associated stimuli. p38 is thought to contribute to cancer growth by inducing prostaglandin-endoperoxide synthase 2, whilst also influencing tumor invasion by inducing the expression of matrix metalloproteinase, which regulates matrix remodelling ([@b44-ol-0-0-9942]). It is also capable of inducing hypoxia inducible factor, which is directly involved in angiogenesis and could contribute to tumor development ([@b44-ol-0-0-9942]). The JNK family is activated in response to stress and is involved in the regulation of apoptosis, cell proliferation and differentiation. JNK is heavily implicated in apoptotic signaling ([@b45-ol-0-0-9942]). It is thought that an acute activation of JNK is involved in cell proliferation, whilst a more continuous activation is associated with apoptosis ([@b46-ol-0-0-9942]). With these seemingly contradictory regulatory roles, establishing the exact contribution of JNKs in cancer has been difficult. Chen *et al* demonstrated that JNK is actively involved in tumor growth, whilst also being implicated in tumor inhibition, as JNK-1 knockout mice were indicated to inhibit tumor growth, whereas JNK-2 enhanced it ([@b47-ol-0-0-9942]).

A study has previously shown an involvement of ERK/MAPK disregulation with cilia due to the exposure to renal carcinogens ([@b48-ol-0-0-9942]). Radford *et al* demonstrated that renal carcinogens were capable of inducing a loss of primary cilia in renal epithelial cells independent of the cell cycle. As well as inducing ciliary loss, ERK/MAPK-associated signaling pathways were determined to be heavily dysregulated following the exposure to these carcinogens ([@b48-ol-0-0-9942]). Other evidence indicated that ERK signaling may serve a role in ciliary regulation demonstrated sub-cloned HK-2 cells with shorter cilia had increased ERK activation, whilst ERK inhibition caused protection against cilia loss following cisplatin treatment (a chemotherapeutic nephrotoxin/ciliary shortening agent) ([@b49-ol-0-0-9942]). Another study demonstrated that ERK inhibition blocked the elongation of cilia in Madin-Darby canine kidney cells, indicating an association between ERK signaling and the regulation of cilia ([@b50-ol-0-0-9942]). Schneider *et al* demonstrated that PDGFRαα signaling is regulated through the primary cilium in NIH3T3 fibroblasts. PDGFRαα activation was indicated to activate AKT and ERK1/2, whilst Tg737 mutant cells lacking normal cilia results in a failure of PDGFRαα, MEK1/2 and ERK1/2 activation ([@b51-ol-0-0-9942]).

6.. Primary cilia and hedgehog signaling in cancer
==================================================

Hedgehog signaling is heavily involved in the regulation of cell growth and differentiation. A significant association is considered to exist between the primary cilium and cancer via this pathway ([Fig. 3](#f3-ol-0-0-9942){ref-type="fig"}) ([@b52-ol-0-0-9942]). Numerous cancer types, including basal cell carcinoma, breast, prostate and lung cancer, have been indicated to involve abnormal activation of the hedgehog pathway ([@b53-ol-0-0-9942]). Abnormal hedgehog signaling in cancer can occur via a number of possible mutations, including mutations causing a loss of Ptch1 function and Smo activation. A total of 90% of basal cell carcinomas have a mutation affecting Ptch1, and 10% have an activation of Smo. ([@b53-ol-0-0-9942]). Studies in mice have indicated that cilia are capable of serving a role in both promoting and preventing cancer development via their mediation of the hedgehog pathway ([@b13-ol-0-0-9942]). This is possibly due to the positive and negative regulators of the hedgehog pathway being processed in the primary cilium ([@b13-ol-0-0-9942]). Hedgehog signaling in the primary cilium is regulated by Ptch1. In general, the hedgehog component Smo is activated following Shh binding to and inactivating Ptch1, as Ptch1 represses Smo. Evidence indicates that when Shh binds to Ptch1, Ptch1 moves out of the cilium ([@b13-ol-0-0-9942]). This allows the accumulation of Smo and the activation of target gene transcription through the Gli family ([@b10-ol-0-0-9942]). It is thought that when cilia are present, inhibitors of hedgehog components Smo and Gli will control hedgehog signaling, whilst if cilia are absent or dysfunctional, this control can be lost and can result in the overexpression of hedgehog signaling ([@b13-ol-0-0-9942]). Within the domains of the hedgehog signaling pathway, the primary cilium can have a dual role in preventing and promoting carcinogenesis. This dual mechanism was demonstrated via a cilia deletion in basal cell carcinoma inhibited tumor growth induced by an activated form of the upstream activator of Smo, whilst also indicating that the loss of cilia caused cancer progression to be induced by activated Gli2, a downstream transcription factor ([@b13-ol-0-0-9942]). This dual role by primary cilia in hedgehog signaling was confirmed in granule neuron precursors, which can give rise to malignant brain tumors. It was demonstrated that the removal of primary cilia inhibited the formation of the medulloblastoma when it was driven by Smo, whilst cilia removal was required for tumor growth when it was driven by Gli2 ([@b54-ol-0-0-9942]). From this evidence, it is clear that primary cilia and hedgehog signaling are associated with the carcinogenic process, either in a promoting or an inhibitory capacity depending on the initiating carcinogenic factor.

7.. Primary cilia and Wnt signaling in cancer
=============================================

Alterations in Wnt signaling have long been linked to numerous cancer types, including breast, prostate, lung and colorectal ([@b55-ol-0-0-9942]). The canonical aspect of the Wnt signaling pathway is mediated by β-catenin, which upon activation translocates to the nucleus ([@b56-ol-0-0-9942]). Adenomatous polyposis coli is a tumor suppressor, which is significantly associated with Wnt signaling, and it has been demonstrated to be implicated in β-catenin regulation ([@b57-ol-0-0-9942]). An increase in β-catenin expression levels correlates with a poor prognosis in a number of cancer types, including basal-like breast cancer ([@b58-ol-0-0-9942]). Lancaster *et al* demonstrated that impaired Wnt/β-catenin signaling causes the induction of the cystic kidney disease NPHP, a type of ciliopathy ([@b59-ol-0-0-9942]). This type of medullary cystic disease is induced with a loss of function of the protein Jouberin. Jouberin helps to anchor the basal body to the plasma membrane, a mutation in this tectonic-like complex also occurs in Joubert syndrome, a disease with primary ciliary dysfunction ([@b60-ol-0-0-9942]). It is thought that Jbn, the gene that encodes for Jouberin, is required for a Wnt-associated response to renal injury repair ([@b59-ol-0-0-9942]).

Radford *et al* identified a number of dysregulated pathways following the exposure of renal epithelial cells (RPTEC/TERT1) to renal carcinogens ochratoxin A (OTA) and potassium bromate (KBrO~3~) ([@b48-ol-0-0-9942]). These dysregulated pathways included the Wnt signaling and transforming growth factor-β-associated pathways. Notably, the study determined a notable association between the effect of these carcinogens and the primary cilium. OTA, a non-genotoxic carcinogen, and KBrO~3~, a genotoxic carcinogen, induced significant deciliation at 72 h, whilst nifedipine, a non-carcinogenic renal toxin, had no impact on the expression of the primary cilium. The study identified the important effects that carcinogens have on renal primary cilia and raised the possibility that these deciliation events are serving a role in carcinogenesis ([@b48-ol-0-0-9942]).

The primary cilium serves a key role in controlling the non-canonical/PCP pathway ([Fig. 3](#f3-ol-0-0-9942){ref-type="fig"}). Unlike cancer cells, fully differentiated epithelial cells are polarized ([@b61-ol-0-0-9942]). PCP allows epithelial cells to carry out their function by arranging them perpendicularly to the apico-basal axis ([@b62-ol-0-0-9942]). This PCP pathway is believed to serve a role in the maintenance of normal cellular homeostasis. A number of key components that help to regulate PCP have been indicated to be localized in the cilium ([@b63-ol-0-0-9942]). When FAT atypical cadherin 4, a protein involved in controlling PCP, is lost it can induce the formation of cysts in the kidney, indicating a role for proteins localized to the cilium in regulating PCP ([@b63-ol-0-0-9942]).

Inversin is an important component of the Wnt/PCP signaling pathway, it functions by targeting and degrading the cytoplasmic phosphoprotein Dsh, which inhibits β-catenin accumulation and, therefore, canonical Wnt signaling ([@b64-ol-0-0-9942]). Stimulation of the primary cilium via fluid flow has also been demonstrated to upregulate Inversin ([@b65-ol-0-0-9942]). Mutations in the gene encoding Inversin have been indicated to affect axis formation and induce cyst formation in PKD, both of which are processes significantly associated with cilia ([@b66-ol-0-0-9942]). By targeting and inhibiting the canonical, and not the non-canonical, pathway, it is possible that Inversin mediates a switch between these two pathways ([@b64-ol-0-0-9942]). If this is the case, the switch from the Wnt/PCP pathway to the Wnt/β-catenin pathway would lead to uncontrolled cell proliferation and loss of PCP. Considering that the Wnt signaling pathway has an important role to serve in driving proliferation and controlling the maintenance of cellular morphology, its upregulation or dysfunction through the loss of primary cilia provides the strongest evidence associating primary cilia dysfunction and the induction of carcinogenesis.

Taking all this evidence together it can be considered that primary cilia, through their absence or dysfunction, contribute to the development of cancer via interference in well-established cancer signaling pathways, including Wnt, hedgehog and ERK/MAPK. Further studies are still required in order to fully understand the association between primary cilia and tumor formation.
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![Structure of the primary cilium. The primary cilium is a microtubule-based organelle that is formed around an axoneme structure composed of 9 outer microtubule doublets. The cilium is formed in a process termed IFT. Anterograde transport channels ciliary proteins from the bottom of the cilium to its tip; the reverse can also occur in retrograde transport, which allows disassembly of the cilium. Kinesin-2, an anterograde motor protein transports ciliary proteins by forming a complex with IFT complex B, while the IFT complex A does the reverse by binding to dynein 1b and channels ciliary proteins from the cilium to the cell body.](ol-17-03-3041-g00){#f1-ol-0-0-9942}

![Primary cilia in the cell cycle. During G0 and G1 primary cilia are assembled and function as important signaling hubs. When the cell enters the S phase, ciliary disassembly begins with the resorption of the cilium. This allows the centrioles to detach from the basal body. The mother and daughter centrioles are duplicated and can move to the spindle poles where they become centrosomes and the mitotic spindle, and can now carry out their role in the cell cycle.](ol-17-03-3041-g01){#f2-ol-0-0-9942}

![Hedgehog signaling and Wnt signaling in the primary cilium. The binding of hedgehog to Ptch1 results in Ptch1 inhibition and Smo accumulation as Ptch1 negatively regulates Smo. The accumulation of Smo leads to the activation of Gli family members and the inhibition of Gli repressors, eventually leading to cell proliferation. If the primary cilium is absent, Smo is incapable of activating Gli proteins leading to dysfunctional hedgehog signaling and increasing the possibility of cancer formation and development. Activation of the non-canonical Wnt signaling pathway by the stimulation of Frizzled3 results in the inhibition of Dsh by Inversin, this inhibits β-catenin accumulation and ensures the maintenance of planar cell polarity. When the primary cilium is lost, it is possible that a switch from non-canonical to canonical Wnt signaling could occur, leading to β-catenin accumulation, the loss of PCP and uncontrolled cell proliferation.](ol-17-03-3041-g02){#f3-ol-0-0-9942}
